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It is commonly assumed that solar hot water systems save energy and reduce greenhouse emissions relative to conventional
fossil fuel-powered systems. Very rarely has the life-cycle greenhouse emissions (including the embodied greenhouse
emissions of manufacture) of solar hot water systems been analysed. The extent to which solar hot water systems can
reduce emissions compared with conventional systems can be shown through a comparative life-cycle greenhouse emissions
analysis. This method determined the time it takes for these net greenhouse emissions savings to occur, or the ‘emissions
payback period’. This paper presents the results of a life-cycle greenhouse emissions analysis of solar hot water systems in
comparison with conventional hot water systems for a southern (Melbourne) and a northern (Brisbane) Australian city. The
life-cycle costs of these hot water systems were also analysed to determine the financial payback period. The fuel source and
solar fraction determined the emissions resulting from the energy used for operating hot water systems. The solar systems
provide net emissions savings compared with the conventional systems after 2.5–5 years in Melbourne and after 2.5 years in
Brisbane, depending on the auxiliary fuel. The life-cycle cost analysis also revealed that the financial payback period for
solar hot water systems is more than 10 years in Melbourne and around 10 years for an electric-boosted system in Brisbane.
This suggests the need for greater subsidies to increase market take-up for solar systems, especially where electricity is the
only available fuel.
Keywords: hot water systems, life-cycle analysis, life-cycle greenhouse emissions analysis, payback period, temperate
climates, Australia
On part généralement de l’hypothèse que les systèmes de production d’eau chaude par chauffe-eau solaire économisent
l’énergie et réduisent les émissions de gaz à effet de serre par rapport aux systèmes classiques de production d’énergie par
des combustibles fossiles. Les émissions de gaz à effet de serre (y compris celles associées à la production) qui proviennent
des systèmes de chauffage solaire de l’eau ont été très rarement analysées. La mesure dans laquelle ces systèmes peuvent
réduire les émissions par rapport aux systèmes classiques peut être démontrée dans une analyse comparative des émissions
de gaz à effet de serre pendant le cycle de vie. Cette méthode calcule le temps qu’il faut pour que soit tangible la réduction
nette des émissions de gaz à effet de serre ; c’est ce que l’on appelle la période d’amortissement des émissions. Cet article
présente les résultats d’une analyse des émissions de gaz à effet de serre pratiquée sur des systèmes de chauffage solaire de
l’eau par comparaison à des systèmes d’eau chaude classiques pour une ville du sud de l’Australie (Melbourne) et pour une
ville du nord (Brisbane). Le coût du cycle de vie de ces systèmes d’eau chaude a également été analysé afin de calculer la
période d’amortissement. La source de carburant et la fraction solaire servent à calculer les émissions dues à l’énergie
utilisée pour faire fonctionner les systèmes d’eau chaude. Les systèmes solaires ont permis de réduire nettement les
émissions par rapport aux systèmes classiques après un laps de 2,5–5 ans à Melbourne et de 2,5 ans à Brisbane, en fonction
du combustible auxiliaire utilisé. L’analyse des coûts du cycle de vie a également montré que la période d’amortissement des
systèmes de chauffage solaire était de plus de 10 ans à Melbourne et aux environs de 10 ans pour un système électrique à
Brisbane. Cela laisse à penser qu’il faut augmenter les subventions pour que le marché des systèmes solaires se développe,
notamment lorsque l’électricité est le seul combustible disponible.
Mots clés : systèmes d’eau chaude, analyse du cycle de vie, analyse des émissions de gaz à effet de serre pendant le cycle de
vie, période d’amortissement, climats tempérés, Australie
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Introduction
Energy consumption in Australia is steadily increasing
as a result of population growth and increasing
standard of living (Bush et al., 1997). This trend
is producing an increasing demand on both our
dwindling resources and the environment, with the use
of mainly coal-fired electricity and natural gas in
buildings (Harrington et al., 1999).
In 1995–96, the operation of residential buildings in
Australia accounted for around 2.4% of the green-
house emissions from energy. Moreover, up to 28% of
these emissions were from the operation of hot water
systems in 1998, though the geographical location of
these systems influenced emissions (Harrington et al.,
1999). Thus, there is a need to reduce the energy con-
sumption of these devices and the resultant emissions
of greenhouse gases.
There are several types of hot water systems in terms
of configuration and fuel source. The primary energy
requirements for the operation of electric storage hot
water systems are high owing to the thermodynamic
limitation on the thermal generation of electricity
from coal. Solar hot water systems use solar energy at
the point of use, thus reducing the need for fossil fuels,
even though the primary energy requirements depend
on the auxiliary fuel.
The emissions resulting from the operation of hot
water systems, the operational greenhouse emissions,
are not the only emissions associated with hot water
systems. The emissions released as a result of the
energy used in the manufacture of hot water systems is
also of considerable importance. These emissions are
commonly referred to as the embodied greenhouse
emissions of manufacture and include the emissions
resulting from the energy used to assemble them and
those embodied in the input of goods and services to
the manufacturing process, including transport at all
manufacturing phases. The embodied greenhouse
emissions, the operational greenhouse emissions as
well as the emissions associated with maintenance,
refurbishment and decommissioning equal the total
life-cycle greenhouse emissions of a hot water system.
There have been many studies on the conservation of
energy from the use of solar hot water systems, as
compared with the more conventional electric and
gas systems (e.g. inter alia, O’Sullivan and Meldrum,
1982). These studies have focused mainly on the
operational energy consumed and associated emis-
sions, which do not account for the total energy con-
sumption and emissions of a hot water system. In fact,
there has been limited research that has attempted to
analyse the emissions resulting from the energy input
required from manufacture through to the use of these
systems.
Ignoring embodied greenhouse emissions may be justi-
fied, if indeed it turns out that such emissions are
insignificant relative to the operational greenhouse
emissions. However, embodied greenhouse emissions
need to be re-evaluated for temperate Australian
climates, particularly in the light of recent develop-
ments in embodied energy analysis methods that have
more complete system boundaries (Treloar, 1997).
Those studies that have considered this aspect of
emissions, which is predominantly overlooked, have
failed to compare their results with the more con-
ventional electric and gas hot water systems currently
in use (O’Sullivan and Meldrum, 1982). This paper,
therefore, aims to present the results of a life-cycle
greenhouse emissions analysis of solar hot water
systems, comparing them with conventional hot water
systems.
Hot water systems and life-cycle
greenhouse emissions
Operational greenhouse emissions
The main concern with hot water systems has been the
emissions resulting from their operation. The oper-
ational energy, and thus related emissions, consumed
at the point of use is lower than the actual energy
required to supply this energy to the consumer. The
energy used by the consumer is known as delivered
energy, while the energy actually required to supply
this delivered energy is known as primary energy. The
consideration of primary energy is more representa-
tive of the emission of greenhouse gases into the
atmosphere. Operational energy, and in particular the
emissions produced, is of concern when attempting to
minimize the emissions resulting from the energy con-
sumption of buildings and their equipment. Much
is known about the resultant emissions of hot water
system operation (Yang et al., 1997), yet there is
limited knowledge available about the greenhouse
emissions embodied in hot water systems.
Embodied greenhouse emissions 
The embodied greenhouse emissions of any product or
item such as hot water systems comprises both indirect
and direct emissions. Indirect emissions result from the
energy used to create the inputs of goods and services
to the main process, whereas direct emissions result
from the energy used for the main process, whether it
Greenhouse emissions and solar hot water systems
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be the manufacture of a product, item or material.
Embodied energy research to date has typically
focused on the general components of construction
such as building structure, the envelope and internal
finishes (Tucker et al., 1993; Lawson 1996; Pullen,
2000). Research on the emissions embodied in building
services such as hot water systems is rare. Previous
research has indicated that the greenhouse emissions
embodied in materials were small compared with the
greenhouse emissions resulting from the energy used in
the operation of buildings (e.g., inter alia, Howard,
1991).
Embodied greenhouse emissions analysis methods
The accuracy and extent of the analysis of embodied
greenhouse emissions is dependent on which of the
three main methods is chosen: process analysis, input–
output analysis or hybrid analysis (Bullard et al., 1978;
Treloar, 1997).
Process analysis quantifies all of the energy embodied
in a product, from the main process to all of the inputs
to each process upstream (Boustead and Hancock,
1979). This method is relatively incomplete owing to
the complexities involved in obtaining detailed data
for all of the processes involved and the exclusion of a
large number of small inputs.
Input–output analysis examines national statistics
called input–output tables using a matrix inversion
technique (Miller and Blair, 1985). This method models
the flow of products between the sectors of the
economy at each stage of the manufacturing process
using the input–output model as it is systemically
complete, due to the Leontief inverse method (Leon-
tief, 1966; Treloar, 1997). The total energy requirement
is determined for the appropriate sector, typically in
units of gigajoules (GJ) per dollar, and this is applied
to a particular product using its price (Bullard and
Herendeen, 1975). The main process under con-
sideration could be building construction, system
operation or basic material manufacturing (Figure 1).
One of the shortcomings of input–output analysis is in
determining the physical quantities of products such
as fuel, as tariffs vary between manufacturers and
material prices may vary from those used in compiling
the national statistics. Owing to the number of
assumptions made when using this method, the results
obtained can be somewhat unreliable. Despite this, the
input–output model provides a superior framework
with regard to system boundary completeness. Hybrid
techniques attempt to combine the benefits of both
methods while minimizing their respective limitations
(Bullard et al., 1978, Treloar, 1997).
Life-cycle greenhouse emissions analysis of hot
water systems
A life-cycle greenhouse emissions analysis involves a
study of the emissions associated with the energy
consumed during the life-cycle of a particular
product. These life-cycle emissions include the initial
embodied emissions of the manufacturing process, the
operational emissions, plus the embodied emissions of
goods and services used in the operation, maintenance,
refurbishment and decommissioning (Figure 2). Note
that the present paper is only considering greenhouse
emissions resulting from the energy used in manu-
facture and operation, as indicated by the dashed line.
There have been several studies that have examined the
need for improving energy conservation through the
use of solar hot water systems rather than the more
conventional electric and gas systems currently in use
in the residential sector of Australia (Baron, 1978;
Payne and Doyle, 1978; Barnes, 1979; O’Sullivan and
Meldrum, 1982). Such studies have tended to focus on
the operational energy consumed, which makes up
Figure 1 Input–output system boundary
Source: after Boustead and Hancock (1979)
Crawford et al.
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Figure 2 Conceptual model for life-cycle greenhouse emissions of a hot water system. Note that ‘. . .’ indicates an upstream
requirement for goods and services and associated embodied greenhouse emissions. The dashed line shows the system boundary
considered here
only a portion of the total energy consumption of a
hot water system, and thus the associated greenhouse
emissions.
There has been little research to date that has assessed
the greenhouse emissions embodied in appliances
such as hot water systems. Baron (1978) and Payne and
Doyle (1978) questioned the ability of existing solar
hot water systems to provide net energy savings.
Barnes (1979) provided the annual energy consumption
of various types of hot water systems available at
the time and also provided a much more generalized
study of the energy efficiency of hot water systems.
O’Sullivan and Meldrum (1982) provided a net energy
analysis of a typical flat plate solar hot water system
using the process analysis method for analysing
embodied energy. They made no comparison between
the solar hot water system under analysis and other
more commonly used electric and gas hot water
systems. The fact that the method used by O’Sullivan
and Meldrum was incomplete may be important in
the conclusions that were drawn from their work, i.e.
that solar hot water systems pay back their embodied
energy investment in a reasonable period.
These issues give rise to a number of questions:
• Do solar hot water systems pay back in green-
house emissions and financial terms within 10
years?
• Are embodied greenhouse emissions a significant
component of the life-cycle greenhouse emissions
of a solar hot water system?
Methods
The life-cycle greenhouse emissions analysis and life-
cycle cost analysis method for the hot water systems
investigated comprised the following steps:
• Select hot water systems
• Select locations for study
• Operational greenhouse emissions and energy
costs
• Embodied greenhouse emissions and capital costs
• Life-cycle greenhouse emissions and life-cycle
costs
Selection of hot water systems
Five hot water systems were chosen for study. This
group included an electric-boosted solar hot water
system, a gas-boosted solar hot water system, an elec-
tric storage hot water system, a gas storage hot water
system and a gas instantaneous hot water system.
All systems were selected to provide an equivalent hot
water supply to a typical four-person household, sized
according to the manufacturer’s recommendations.
The manufacturers have not been named for reasons of
confidentiality, though no information was used that
was not in the public domain.
Two solar hot water systems were chosen: an electric-
boosted and a gas-boosted system. The electric-
Greenhouse emissions and solar hot water systems
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boosted system chosen for this analysis was a flat
plate, closed circuit domestic hot water system with a
storage capacity of 300 litres and a collector area of
4 m2. The gas-boosted system used incorporated
the same components and other control devices as the
electric-boosted system with the addition of a gas
instantaneous hot water system (described below).
The recommended storage volume for a solar system
is 60–70 litres per user, allowing for an average daily
usage of 50 litres plus some reserve (O’Sullivan and
Meldrum, 1979).
Two gas hot water systems were chosen: an instant-
aneous system and a storage system, the later having a
storage capacity of 170 litres. Unlike the solar and
electric hot water systems, the recommended storage
volume for a gas storage system is 40–50 litres per user,
owing to the more rapid heating capacity of these
systems (O’Sullivan and Meldrum, 1979). The instant-
aneous systems had no storage capacity other than the
reservoir used for heating the water (their main feature
being that the water is heated on demand).
The electric hot water system chosen for this analysis
was an off-peak storage system with a storage capacity
of 315 litres. As for the solar hot water system, the
recommended storage volume for an electric storage
system is 60–70 litres per user, allowing for an average
daily usage of 50 litres plus some reserve (O’Sullivan
and Meldrum, 1979).
Selection of geographical locations 
To allow for a somewhat broader analysis and com-
parison between hot water systems, and also to avoid
biased results due to the choice of only one location,
two locations were chosen: Melbourne (latitude
37.8°S) and Brisbane (27.5°S). Their difference in
climate has a significant effect on the solar fraction
and, therefore, the operational energy consumption of
the hot water systems of the two locations. The solar
fraction of a solar hot water system is defined as the
percentage saving in fuel from the use of solar energy.
The solar fraction is approximately proportional
to the amount and intensity of daylight in any given
location. The average annual solar fractions for the
electric-boosted solar hot water system, as used for
this study, were: 80% for Brisbane and 62% for
Melbourne (Solahart Industries, personal communica-
tion, 2000). These figures were supported by Gilchrist
(1994 p. 143), who estimated the solar fractions to be
75–80% in Brisbane and 55–65% in Melbourne.
The solar fraction for the gas-boosted solar hot water
system differs from these figures as this system uses an
independent gas instantaneous system for boosting.
The solar fractions for the gas-boosted system were
65% for Brisbane and 50% for Melbourne.
Operational greenhouse emissions and energy costs
Operational greenhouse emissions are the emissions
released as a result of the energy consumed in the
actual running of a hot water system, be it electricity
or gas. Solar energy is counted as ‘free’ in this study,
since its provision does not require any fossil fuels
from the Earth or result in any greenhouse emissions
on the Earth. The energy consumed is dependent on a
number of factors: the type and size of system; the
form of energy used; the usage patterns of the users;
and the system efficiency. The initial figures used for
the calculations of operational emissions were the
delivered energy figures (i.e. the energy supplied at
the point of use). The primary energy factors for the
appropriate fuels were then applied (Table 1).
For Melbourne, the average annual operational energy
consumption for the electric storage hot water system
was obtained from Powercor Australia (personal com-
munication, 2000). The average annual operational
energy consumed by the electric-boosted solar hot
water system was obtained from Solahart Industries
(personal communication, 2000) program, which took
the solar fraction for this system into account. The
average annual operational energy of the gas storage
and instantaneous systems was obtained from
Energy Efficiency Victoria (1999). The average annual
operational energy consumption of the gas-boosted
solar hot water system was based on that for the gas
instantaneous system, taking the revised solar fraction
into consideration, as discussed above for this hot
water system.
For Brisbane, the average annual operational energy
consumption for the electric storage hot water system
was obtained from Energex (personal communication,
2000). The average annual operational energy con-
sumption of the gas-boosted solar hot water system
was based on that for the gas instantaneous system,
Table 1 Primary energy factors
Fuel Primary energy factors
Electricity 3.4
Gas 1.4
Source: Treloar (1997).
Crawford et al.
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taking the revised solar fraction into consideration, as
discussed above for this hot water system. The average
annual operational energy consumed by the other
systems was assumed to be proportional to the energy
consumed for the same systems in Melbourne, based
on the energy consumption of the electric storage
system in Brisbane, taking the solar fraction into
consideration.
The primary operational energy consumption
figures were then converted into carbon dioxide (CO2)
equivalent terms to reflect the greenhouse emissions into
the atmosphere resulting from the use of this energy.
A factor of 60 kg CO2/GJ was applied to the primary
energy figures to determine the resultant CO2-equiva-
lent emissions from the consumption of operational
energy consumed by the hot water systems.
The annual financial cost of this operational energy
was determined by multiplying the yearly delivered
operational energy consumption by the appropriate
energy tariffs of the energy consumed (electricity or
gas) with respect to the location (Table 2).
Embodied greenhouse emissions and capital costs
To analyse the embodied greenhouse emissions, the
quantities of materials used in the production of
each of the five hot water systems were determined.
Information about components, materials, masses,
areas and volumes was obtained from the various
manufacturers of the hot water systems, and through
the interpretation of data available from these manu-
facturers. The input–output-based hybrid analysis
method of analysing the embodied energy was then
applied to the five hot water systems.
First, a process-based hybrid analysis was performed
that determined the total embodied energy of the
main materials quantified for each system. Material
embodied energy intensities were derived using the
input–output model described above. Process analysis
data for many key manufacturing industries, including
steel, aluminium, glass, copper and plastics (Grant,
2000), were also integrated with the input–output
data. The quantities of the materials used in the
manufacture of each system were multiplied by the
appropriate embodied energy intensities. The sum of
the results gave the total embodied energy for each
hot water system. The deficiency of this method, as
discussed above, is that items and processes not
quantified in the process analysis of the system are
ignored. While most of these are small, in total their
embodied energy can be significant.
The input–output-based hybrid analysis was per-
formed to provide a more comprehensive analysis of
the embodied emissions of the hot water systems by
filling in those gaps left by the process analysis and
process-based hybrid analysis methods. This method
uses the embodied energy obtained through the
process-based hybrid analysis together with the
embodied energy of the minor inputs and services of
each hot water system. The embodied energy involved
in these minor inputs and services was obtained from
the ‘household appliances’ sector of the Australian
economy, using a novel method of disaggregating the
input–output model (Treloar, 1997; Treloar et al.,
2001). The total energy intensity of all of the inputs
and services not covered by the process-based hybrid
analysis was determined by deduction from the input–
output model. This figure was then multiplied by the
cost of the hot water system and added to the process-
based hybrid analysis total, the system boundary of
the analysis thus being made systemically complete
(Figure 1).
These embodied energy figures were then converted
into CO2 terms to reflect the emissions to the atmos-
phere resulting from the energy embodied in the hot
water systems.
The capital costs of the hot water systems were
obtained from retailers, and included installation costs
(Table 3).
Life-cycle greenhouse emissions and life-cycle costs 
The life-cycle greenhouse emissions analysis combines
both the operational emissions and the embodied
emissions of the hot water systems. For the purpose of
this study and for the comparison between systems,
the period of the life-cycle emissions analysis is 10
years (the typical warrantee period). The life-cycle
Table 2 Energy tariffs
Location Fuel Tariff
Melbourne Electricity 5.01 c/kWh
Gas 0.6935 c/MJ
Brisbane Electricity 7.029 c/kWh
Gas first 3102.5 MJ at 2.78
c/MJ, next 6205 MJ at
1.54 c/MJ, >9307.5 MJ at
1.27 c/MJ
Source: Powercor Australia (personal communication,
2000) and Energex (personal communication, 2000).
Greenhouse emissions and solar hot water systems
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Table 3 Capital cost of hot water systems
EHWS GHWS GIHWS SEHWS SGHWS
Capital cost ($) 1500 1500 1700 3650 5000
Notes: HWS = hot water system, E = electric, G = gas, I = instantaneous,
S = solar.
Source: Manufacturer’s retail outlets. 
Table 4 Annual operational greenhouse emissions of hot water systems for Melbourne and
Brisbane
Location Hot water
system
Delivered energy
(GJ/year)
Primary energy
(GJ/year)
CO2 (kg/year)
Melbourne EHWS 22.94 78.00 4680
GHWS 22.70 31.78 1907
GIHWS 20.85 29.19 1751
SEHWS 18.43 62.66 3760
SGHWS 10.43 14.60 876
Brisbane EHWS 16.78 57.05 3423
GHWS 16.60 23.24 1394
GIHWS 15.25 21.35 1281
SEHWS 13.48 18.87 1132
SGHWS 5.34 7.48 449
Notes: HWS = hot water system, E = electric, G = gas, I = instantaneous, S = solar.
Source: see text. 
emissions of each hot water system after 10 years
is made up of the embodied emissions of the hot
water system, using the input–output-based hybrid
analysis method, and the emissions resulting from
the operational primary energy consumption of the
system for 10 years.
The life-cycle greenhouse emissions analysis compared
the life-cycle emissions of each solar hot water system
with the corresponding conventional system. The
emissions embodied in maintenance, refurbishment
and decommissioning were ignored in this study owing
to the relatively short product life considered.
The life-cycle cost of the hot water systems was
determined by combining the capital cost of the hot
water systems with their annual operational energy
costs. This was done for 10 years, although further
extrapolation is possible based on the addition of
annual operational energy costs and replacement
capital costs.
Results
The results are given in three sections: operational
greenhouse emissions (CO2/year) and energy costs
($/year); embodied greenhouse emissions (CO2) and
capital costs ($); life-cycle greenhouse emissions (CO2);
and life-cycle costs ($). Dollars are given as Australian
dollars.
Operational greenhouse emissions and energy costs 
The greenhouse emissions resulting from the annual
operational energy consumption of each of the five hot
water systems for both Melbourne and Brisbane is
shown in Table 4. Values are in primary energy terms,
meaning that the fossil fuels required to provide the
energy to the consumer have been considered. These
primary operational energy figures have then been
converted to CO2 terms by multiplying by 60 kg
CO2/GJ. The operational greenhouse emissions in
Melbourne were generally one-third more than for
Brisbane, except for the solar gas hot water system, for
Crawford et al.
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which the colder climate resulted in a release of almost
double the emissions per year.
The above-delivered operational energy consumption
figures were multiplied by their appropriate cost
per unit (as per Table 2) to determine the annual
operational cost of each hot water system. The annual
operational energy cost to the consumer in financial
terms for each hot water system is shown in Table 5.
Embodied greenhouse emissions and capital costs
An approximation of the embodied greenhouse emis-
sions contained in the hot water systems was obtained
by using the process-based hybrid analysis method.
The input–output-based hybrid analysis was then used
to correct a methodological deficiency in the process-
based hybrid analysis method in which a large range
of minor inputs and processes are neglected.
Table 6 shows the embodied energy for all five hot
water systems once the sum of these minor inputs and
services has been considered (typically around 50%).
Also shown are the error ranges for the embodied
energy data obtained using the input–output-based
hybrid analysis method. These error ranges were based
on an estimated error range of input–output data of
±50%, and process analysis data of ±10% (Bullard
et al., 1978; Pullen, 2000). The error ranges were
greatest for the two solar hot water systems because
Table 5 Annual operational energy cost ($) of hot water
systems for Melbourne and Brisbane ($)
Location EHWS GHWS GIHWS SEHWS SGHWS
Melbourne 319.25 157.42 144.59 97.46 72.30
Brisbane 327.55 274.42 257.28 52.64 120.67
Notes: HWS = hot water system, E = electric, G = gas,
I = instantaneous, S = solar.
less process analysis data were incorporated with the
input–output data for those materials used to manu-
facture these particular systems.
The primary embodied energy figures have then been
converted into embodied emissions terms by multiply-
ing the figures by a factor of 60 kg CO2/GJ.
The capital cost, including installation, of each of the
hot water systems was obtained from retailers (Table
3). Current government rebates have not been sub-
tracted from these figures owing to the complexities
of the conditions surrounding the application of
the rebates. The rebate, in the best-case scenario, is
approximately $1000. A comparison between the
embodied emissions and the capital cost of each hot
water system is shown in Figure 3.
Life-cycle greenhouse emissions 
The life-cycle greenhouse emissions analysis of each
hot water system over 10 years for Melbourne and
Brisbane is shown in Figures 4 and 5. In both these
locations, the relative insignificance of the embodied
emissions of hot water systems over their lifetime is
clear.
The life-cycle greenhouse emissions of each hot water
system consists of the initial embodied emissions
of each of the hot water systems together with
their annual emissions, released as a result of the
operational energy requirements. The emissions
embodied in maintenance, refurbishment and decom-
missioning were not included in this analysis. In
Melbourne (Figure 4), although electric storage hot
water systems have one of the lowest amounts of
embodied emissions among the five systems (evident
from the value intercepting the y-axis), they have
extremely high life-cycle emissions. Although the
gas- and electric-boosted solar hot water systems have
Table 6 Embodied energy of hot water systems by the analysis method (GJ)
Analysis method Electric
storage
Gas
storage
Gas
instantaneous
Solar
electric
Solar
gas
Process-based hybrid analysis 10 2 8 21 24
Input–output-based hybrid analysis 14 7 13 35 44
Lower error 12 5 10 29 34
Upper error 17 9 15 40 49
Notes: Values have been rounded. Values were converted to CO2 terms by multiplying by an average coefficient of
60 kg CO2/GJ.
Greenhouse emissions and solar hot water systems
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Figure 3 Relationship between the embodied greenhouse emissions and the cost of hot water systems
relatively high embodied emissions when compared
with the other three systems, the emissions’ payback
period for both systems when compared with a gas
instantaneous system is 2.5 and 5 years, respectively.
This is shown by the cross-over points of each system
in Figure 4.
The life-cycle emissions of all of the hot water systems
in Brisbane (Figure 5) are significantly reduced
when compared with the same systems installed in
Melbourne. Owing to previously mentioned reasons
for lower emissions in Brisbane, compared with
Melbourne, the life-cycle emissions of gas- and
electric-boosted solar hot water systems over 10 years
is considerably lower than for any other system. The
emissions’ payback periods for both hot water systems
are reduced to around 2.5 years when compared with
gas storage and instantaneous hot water systems.
Life-cycle costs
The life-cycle cost of each hot water system for both
Melbourne and Brisbane includes the initial capital
investment required in purchasing the system (Table 3)
as well as the annual operational costs involved in
operating the system over 10 years.
Figure 6 shows the life-cycle cost over 10 years for each
hot water system in Melbourne. The capital cost of
each system has a significant influence on its life-cycle
cost over the 10 years. For example, a gas-boosted
solar hot water system has an initial capital cost
of $5000 and a total operational cost over 10 years of
only $723. This is compared with an initial purchase
price of $1484 for a gas storage hot water system,
which has an operational cost of almost $1600 over the
same 10 years. This means that if the initial cost of
both systems were identical, then a life-cycle cost
analysis would show that over 10 years, a gas-boosted
solar hot water system would be a much cheaper
option in financial terms.
Apart from an electric storage hot water system, the
other systems have a life-cycle cost after 10 years that is
significantly based on their initial capital cost. The
electric storage hot water system has one of the lowest
capital costs at $1511, but its high operational cost
means that it has a very high life-cycle cost after 10
years, even higher than that of an electric-boosted
solar hot water system.
The life-cycle cost of the hot water systems in
Melbourne can be compared with the same systems
in Brisbane (Figure 7). As mentioned above, there is a
reduction in hot water system operational energy
usage in Brisbane owing to both higher ambient tem-
peratures and a higher solar fraction for solar water
systems. This has little effect on the life-cycle cost over
10 years as the fuel tariffs are considerably higher for
Brisbane than for Melbourne. In all cases, with the
Crawford et al.
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Figure 4 Life-cycle greenhouse emissions of hot water systems in Melbourne. Note that ‘EE’ indicates the manufacturing embodied
greenhouse emissions. HWS = hot water system, E = electric, G = gas, I = instantaneous, S = solar
Figure 5 Life-cycle greenhouse emissions of hot water systems in Brisbane. Note that ‘EE’ indicates the manufacturing embodied
greenhouse emissions. HWS = hot water system, E = electric, G = gas, I = instantaneous, S = solar
Greenhouse emissions and solar hot water systems
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exception of an electric-boosted solar hot water sys-
tem, the life-cycle cost over 10 years for each hot water
system is higher in Brisbane than in Melbourne.
In Brisbane, an electric-boosted solar hot water system
becomes a viable option in terms of cost. After 10
years, this system has the lowest life-cycle cost com-
pared with the other four systems under study.
In financial terms, Figure 6 (Melbourne) shows that
there is no financial gain in installing a solar hot
water system over the more conventional electric and
gas systems. In Brisbane, however, the installation of
an electric-boosted solar hot water system may be of
some advantage. However, energy consumption and
subsequent greenhouse emissions need to be taken into
consideration.
Life-cycle costs versus life-cycle greenhouse
emissions
The relationship between the life-cycle emissions
and the life-cycle cost of each of the five hot water
systems over 10 years is shown in Figures 8 and 9 for
Melbourne and Brisbane, respectively. This com-
parison provides a means of determining the relation-
ship between the hot water systems and shows each of
their apparent advantages or disadvantages as com-
pared with one another. For instance, the use of an
electric storage hot water system in either state would
be uneconomical when a period of 10 years or more is
considered. 
In Melbourne (Figure 8), gas storage or instantaneous
hot water systems have a low life-cycle cost and rela-
tively low life-cycle emissions. The two solar hot water
systems have the lowest life-cycle emissions, although
they have the highest life-cycle cost over the 10 years
due to their high capital cost.
There are significant reductions in life-cycle emissions
consumption of all hot water systems when installed
in Brisbane as compared with those installed in
Melbourne. This is due to the reduced amount of
energy consumed, increased ambient temperatures and
higher solar fraction in Brisbane.
In Brisbane (Figure 9), the gas storage and instant-
aneous hot water systems are not as economical as
they are in Melbourne, mainly due to the high cost of
gas in Brisbane. The outstanding result in Brisbane is
the electric-boosted solar hot water system, which has
life-cycle emissions of less than half those for the same
system in Melbourne. The life-cycle cost of this system
is also around $500 cheaper over the 10 years in
Brisbane compared with Melbourne.
Figure 6 Life-cycle cost of hot water systems in Melbourne. HWS = hot water system, E = electric, G = gas, I = instantaneous,
S = solar
Crawford et al.
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Figure 7 Life-cycle cost of hot water systems in Brisbane. HWS = hot water system, E = electric, G = gas, I = instantaneous,
S = solar
Figure 8 Relationship of life-cycle cost to life-cycle greenhouse emissions for hot water systems over 10 years for Melbourne
Discussion and conclusions
The life-cycle greenhouse emissions analysis and life-
cycle cost analysis of the hot water systems were
performed over a relatively short period of 10 years,
representing the typical warranty period. This is fur-
ther justified by the typical ownership trend of houses
in Australia of less than 10 years. Despite this, for both
locations, it was evident that the embodied component
of the life-cycle emissions was relatively small. The
embodied component would become more important
for low-usage situations, or if the energy efficiency of
the solar or conventional systems was increased.
Greenhouse emissions and solar hot water systems
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Figure 9 Relationship of life-cycle cost to life-cycle greenhouse emissions for hot water systems over 10 years for Brisbane
More fundamentally, moving from an electric storage
system to a gas storage system appears to pay back in
a month or two in both climates, in greenhouse terms.
Compared with the electric storage systems, the solar
systems also pay back very quickly, in well under 1
year, in greenhouse terms.
In Brisbane, the high solar fraction, and thus low emis-
sions resulting from operational energy requirements
in Brisbane, indicates that the emissions’ payback
period for both electric- and gas-boosted solar hot
water system in Brisbane is around 2.5 years. In
Melbourne, for an electric-boosted solar hot water
system, the emissions’ payback is around 6 months;
and for a gas-boosted solar hot water system it is
around 2.5 years. Despite the greater solar fractions in
Brisbane, the emissions’ payback periods for the gas-
boosted solar systems are surprisingly similar. With
cooler climates, such as alpine regions, where the
emissions’ payback periods for solar systems relative
to conventional systems may be extended, the expected
life of the hot water systems may need to be
considered.
The capital cost of the hot water systems has been
shown to account for a majority of the life-cycle cost
of installing and operating such systems. This is par-
ticularly true for the solar hot water systems and is one
of the main reasons for their slow uptake. In Brisbane,
the increased solar fraction means that solar hot water
systems are a slightly more viable solution as less
operational energy is used, resulting in a lower annual
cost to the consumer. This energy saving is very
minimal in relationship to the life-cycle cost of the
solar hot water systems over 10 years due to the initial
capital costs involved in their purchase.
The electric- and gas-boosted solar hot water systems
had the highest life-cycle cost. As reducing the manu-
facturer’s sale price of these systems is not possible
until greater numbers of the systems can be sold, a
solution to this problem may be to increase the sub-
sidies available on solar hot water systems to entice the
consumer to purchase these systems, thus increasing
uptake and eventually reducing the purchase price
from the manufacturers.
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